Folding behaviors and mechanisms of large, multi-domain proteins remain largely uncharacterized, primarily because of the lack of appropriate research tools. To address these limitations, we develop novel mechanical folding probes that are based on antiparallel coiled-coil polypeptides. Such probes can be conveniently inserted, at the DNA level, at different positions within the protein of interest where they minimally disturb the host protein structure. During single-molecule force spectroscopy measurements, the forced unfolding of the probes captures the progress of the unfolding front through the host protein structure. This novel approach allows unfolding pathways of large proteins to be directly identified. As an example we use this probe in a large multidomain protein with 10 identical ankyrin repeats and we determine, unequivocally and precisely, the unfolding pathway, its direction and order of sequential unfolding. This development facilitates examination of the folding pathways of large proteins that predominate proteasomes of all organisms but have since eluded study because of technical limitations using traditional techniques. The rate of protein folding is determined by the rate of passage through the transition state, however major structural transition precede the TSE formation. We hypothesize that few non-local interactions are effective in the early phases of the folding transition prior to the cooperative transition. These interactions loosely stabilize few closed loops which form the folding noncontiguous nucleus, reduce the chain entropy and determine the course of the folding pathway (the ''loop hypothesis''). We study the order of formation of secondary structure elements and loop closure during the early phases of the folding of E. coli adenylate kinase (AK) by combination of rapid mixing methods and time resolved FRET spectroscopy. We find that at the initiation of folding of the AK molecule the two N terminal closed loop structures in the CORE domain reach native end to end distance within the first 300 microseconds of the transition. Three representative CORE domain b-strands have non-native end to end distance during the first 15 ms and undergo slow change (3 sec) to native distance. Not all helical segments in the CORE domain fold at the slow rate as the beta strands. We conclude that non local interactions are essential factor at the early phases of the folding transition and that the folding of sub-domain elements is context dependent and should be studied in the whole molecule, in situ.
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Basic Residue at Position 14 is not Required for Fast Assembly and Disassembly Kinetics in Neural Cadherin Nagamani Vunnam 1 , Nathan I. Hammer 2 , Susan Pedigo 2 . 1 University of Minnesota, Minneapolis, MS, USA, 2 Chemistry and Biochemistry, University of Mississippi, University, MS, USA. In spite of structural similarities, Epithelial-(E-) and Neural-(N-) cadherins are expressed at different types of synapses and differ significantly in dimerization kinetics. Recent studies proposed a transient intermediate in E-cadherin as the key requirement for rapid disassembly kinetics of the adhesive dimer. This intermediate in E-cadherin comprises four intermolecular ionic and H-bonding interactions between adhesive partners. These interaction are not preserved in N-cadherin except a basic residue at 14th position, which could stabilize the intermediate through either H-bonding or ionic interactions with the partner protomer. To investigate the origin of the rapid dimerization kinetics of N-cadherin in presence of calcium, studies reported here systematically test the role of ionic and H-bonding interactions in dimerization kinetics using R14S, R14A and R14E mutants of N-cadherin. Analytical Size Exclusion Chromatographic and bead aggregation studies showed two primary results. First, N-cadherin/ R14S and N-cadherin/R14A mutants showed fast assembly and disassembly kinetics in the calcium-saturated state similar to wild-type N-cadherin. These results indicate that the fast disassembly of the calcium-saturated dimer of N-cadherin occurs in the absence of ionic or H-bonding interactions between the residue at position 14 and the partner protomer. Secondly, the dimerization kinetics of N-cadherin/R14E were slow in the calcium-saturated state indicating that electrostatic repulsion destabilizes the intermediate state. Taken together these results indicate that the kinetics of dimerization in wild-type N-cadherin is not promoted by attractive ionic interactions, but can be inhibited by repulsive ionic interactions in the R14E mutant.
255-Pos Board B35
Effects of Crowding Agents and Volume Exclusion on Amyloid Beta Fibrillation Joe Hakim 1 , Santiago Schnell 2 . 1 Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD, USA, 2 Department of Molecular & Integrative Physiology, University of Michigan Medical School, Ann Arbor, MI, USA. Several common neurodegenerative disorders can be attributed to pathological protein aggregation, including Alzheimer Disease, the most common form of dementia. It is known that macromolecular crowding promotes protein associations, including the formation of complexes and aggregates, both through theoretical works and in vitro. Therefore a possible contributing factor in the onset of Alzheimer Disease and other amyloidoses could be an increase in crowding content inside cells. In this work, we carried out computational simulations demonstrating the promotion of a generalized aggregation reaction model for amyloid beta fibrillation by increasing crowding agent concentration within biologically relevant values. In our in silico experiment, we implemented simulations with emulating the biophysico chemical properties of the intracellular environment, including nonspecific affinity of reacting species to crowding agents, varying size and shape of crowding agents, glymphatic removal and new synthesis of reactants, and others, demonstrating conditions in which aggregation can be more highly dependent on crowding agent concentration. Our work suggests loss of cellular crowding or volume control as a precursor to pathological aggregation.
256-Pos Board B36 Enthalpy Mediated Protein Stabilization by Macromolecular Crowding
Michael Senske 1 , Lisa Törk 1 , Benjamin Born 2 , Martina Havenith 1 , Christian Herrmann 1 , Simon Ebbinghaus 1 . 1 Ruhr-University Bochum, Bochum, Germany, 2 Weizmann Institute of Science, Rehovot, Israel. Understanding the structure and stability of biomolecules in the cellular environment requires knowledge of their interplay with high concentrations of macromolecules, osmolytes, salts and membranes. The macromolecular crowding effect in a cell is usually described by the excluded volume theory based on hardcore repulsions [1] . However, recent studies emphasize the role of further contributions aside from a pure volume effect including enthalpic and solvent effects [2, 3] . We study cosolute effects at high molecular and macromolecular concentrations via a thermodynamic analysis of the thermal unfolding of ubiquitin in the presence of different concentrations of cosolutes (glucose, dextran, poly(ethylene glycol), potassium chloride) [4] . In contrast to the excluded volume theory, we observed enthalpic stabilization and entropic destabilization forces for all tested cosolutes. The enthalpic stabilization mechanism of ubiquitin in macromolecular polysaccharide solutions of dextran was thereby similar to the effects observed in monomeric glucose. The more hydrophobic polymer polyethylene glycol destabilizes native ubiquitin, presumably via unspecific direct interactions with the protein. Thereby, the macromolecular character of PEG and dextranand hence its excluded volume -is not to the determining factor which influences the folding equilibrium of ubiquitin. Instead, our data suggest a key role for hydration water molecules in the interaction of proteins and cosolutes. References In crowded environments, solutes preferentially excluded from macromolecules can drive depletion attractions in important biomolecular association processes and in protein folding. The established Asakura-Oosawa theory relates these depletion forces to the excluded volume reduction and the ensuing entropy gain upon macromolecular compaction. Accordingly, cosolute-induced protein stabilization is often described in terms of entropically driven ''crowding''. In agreement, many experiments of protein folding and other macromolecular processes suggest that depletion forces are predominantly entropic for some cosolutes, such as polyethylene glycol polymers. However, for other cosolutes, such as polyol osmolytes, the effect is enthalpically dominated, while the entropic change can even be unfavorable. To elucidate the molecular basis of these depletion interactions, we use simulations and analytic theory. Monte-Carlo simulations follow the association of two rod ''macromolecules'' in binary Lennard-Jones solutions. By dissecting the association free energy change into the respective thermodynamic components, we find different cosolutes induce stabilization through different thermodynamic driving mechanisms. Even for these simple liquids, considering intermolecular interactions beyond hard-cores can result in depletion forces that are completely enthalpic. We discuss how this newly resolved mechanism originates from intermolecular interactions and solvent restructuring. Finally, a mean-field theoretical model based on regular solution theories complements the simulation analysis. The dense, heterogeneous cellular environment is known to affect protein stability through interactions with other biomacromolecules. The effect of excluded volume due to these biomolecules, also known as crowding agents, on a protein of interest, or test protein, has long been known to increase the stability of a test protein. Recently, it has been recognized that attractive proteincrowder interactions play an important role. These interactions affect protein stability and can destabilize the test protein. However, most computational work investigating the role of attractive interactions has used spherical crowding agents and has neglected the specific roles of crowding agent hydrophobicity and hydrogen bonding. Here, we use multicanonical molecular dynamics and a coarse-grained protein model to study the folding thermodynamics of a small helical test protein in the presence of crowding agents that are themselves proteins. Our results show that the stability of the test protein depends on the hydrophobicity of the crowding agents. For low values of crowding agent hydrophobicity, the excluded volume effect is dominant and the test protein is stabilized relative to the dilute solution. For intermediate values of the crowding agent hydrophobicity, the test protein is destabilized by favorable side chainside chain interactions stabilizing the unfolded states. For high values of the crowding agent hydrophobicity, the native state is stabilized by the strong intermolecular attractions causing the formation of a packed structure that increases the stability of the test protein through favorable side chain-side chain interactions. In addition, increasing crowding agent hydrophobicity increases the ''foldability'' of the test protein and alters the potential energy landscape by simultaneously deepening the basins corresponding to the folded and unfolded states and increasing the energy barrier between them.
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259-Pos Board B39 Thermally Induced Structural Changes in an Armadillo Repeat Protein Suggest a Novel Thermosensor Mechanism in a Molecular Chaperone
Paul Nicholls, Paul Bujalowski, Jose Barral, Andres Oberhauser. Neuroscience and Cell Biology, University of Texas Medical Branch, Galveston, TX, USA. Molecular chaperones are commonly identified by their ability to suppress heat induced protein aggregation. The muscle specific molecular chaperone UNC-45B is known to be critical in folding myosin and is trafficked to the sarcomeres A-band during thermal stress. Here, we identify thermally dependent structural changes in the UCS chaperone domain of UNC-45B that occur in the physiologically relevant heat shock range. We show that distinct changes to the armadillo repeat protein topology result in exposure of hydrophobic patches, and increased flexibility of the molecule. These rearrangements suggest a novel thermosensor within the chaperone domain of UNC-45B. We propose that these changes may be central to the molecular mechanism of UNC-45B chaperone activity. They may function to suppress aggregation under stress by allowing binding to a wide variety of aggregation prone loops on its client. This work was funded by AHA grant 13GRNT17290006 and the Cecil M. Green Endowment at the University of Texas Medical Branch. The chaperonin TRiC is a 16-subunit protein complex, composed of two rings, with 8 individual subunits each (CCT1-8), that functions as a protein folding machine in eukaryotic cells. TRiC is required for the folding of approximately 10% of the human proteome, including a number of crucial cellular proteins, most notably actin and tubulin. While TRiC-mediated folding is critical for many cellular processes, its underlying mechanism is poorly understood. Mechanistic and structural elucidation of TRiC folding activity is hampered in large part by the sheer size and subunit heterogeneity of the chaperonin, and therefore most studies have focused on the functionally related but structurally less-complex chaperonins, including the thermosome and Mm-Cpn, as surrogates for TRiC architecture and function. Recently, Sergeeva et al demonstrated that human CCT4 and CCT5 subunits expressed individually in E. coli form homo-oligimeric chaperonins capable of folding native substrates. Here, we have used purified CCT5 homo-oligomer to investigate the in vitro chaperonin-dependent folding of human gD-crystallin and beta-actin. Modifications to the CCT5 primary sequence, including changes to the N and C termini, resulted in changes in folding efficiency, substrate recognition and suppression of aggregation. Structural, biochemical and computational studies on these modifications will provide insight into the mechanism of the TRiC folding machine.
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How Do Group Ii Chaperonins Distinguish their Partially Folded Substrates from the Native States? Jonathan A. King, Oksana Sergeeva, Kelly M. Knee. Biology, MIT, Cambridge, MA, USA. The features in partially folded intermediates that allow the group II chaperonins to distinguish partially folded from native states remain unclear. The Archaeal group II chaperonin Mm-Cpn assists the in vitro refolding of the well-characterized b-sheet lens protein human gD-Crystallin (HgD-Crys). The buried cores of this Greek key conformation as well as the domain interface includes a variety of side chains which might be exposed in partially folded intermediates. We sought to assess whether particular features buried in the native state, and thus absent from the native protein surface, might be serving as recognition signals. The features tested were a) paired aromatic side chains; b) side chains in the interface between the duplicated domains of HgD-Crys, and c) side chains in the buried core which result in congenital cataract when substituted. We tested the Mm-Cpn suppression of aggregation of HgD-Crys mutants of these residues, during refolding after dilution out of denaturant. Mm-Cpn was capable of suppressing the off-pathway aggregation of the three classes of mutant proteins indicating that the buried residues were not recognition signals. In fact Mm-Cpn refolded most mutant HgD-Crys to levels twice that of WT HgD-Crys. This presumably represents the increased population or longer lifetimes of the partially folded intermediates of the destabilized mutant proteins. The results suggest that Mm-Cpn does not recognize paired aromatic residues, exposed domain interface, or destabilized core -but rather recognizes other features of the partially folded b-sheet, such as an exposed backbone, that are absent or inaccessible in the native state off HgD-Crys. Supported by NIH EY15834 and EY016525. Cataract is a leading cause of blindness worldwide, and is due to aggregation of eye lens proteins. Age, UV radiation, oxidation, metal ions, deamidation, and truncations may be cause covalent protein damage that induces aggregation. In particular, metal ions have been implicated as a potential etiological agent for cataract. Human gD (HgD) crystallin is one of the most abundant crystallins in the lens nucleus and its non-amyloid aggregation is associated with cataracts. HgD is a highly stable protein with two homologous domains (N-terminal and C-terminal), each containing two Greek key motifs forming a b-sandwich of eight intercalated b-strands. Domain swapping from a perturbed conformation has been proposed as the mechanism of aggregation. Micromolar concentrations of Cu(II) and Zn(II) ions specifically induces the aggregation of this stable protein. In this work, NMR (H-N-HSQC) experiments were performed to study the interaction of Cu(II) and Zn(II) ions with HgD and identify possible specific metal binding sites in the protein. Moreover, we have characterized the unfolding of HgD in the presence of these ions with atomic resolution using real-time NMR spectroscopy. These studies provide further insight into the metal ion coordination properties of HgD, and the role of Cu(II) and Zn(II) in its nonamyloid aggregation. This research has been supported by: MIT-Seed Funds and NIH EY015834. 
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